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ABSTRACT
Transient low-mass X-ray binaries (LMXBs) that host neutron stars (NSs) provide excellent laboratories for probing the dense matter
physics present in NS crusts. During accretion outbursts in LMXBs, exothermic reactions may heat the NS crust, disrupting the
crust-core equilibrium. When the outburst ceases, the crust cools to restore thermal equilibrium with the core. Monitoring this cooling
evolution allows us to probe the dense matter physics in the crust. Properties of the deeper crustal layers can be probed at later times
after the end of the outburst. We report on the unexpected late-time temperature evolution (&2000 days after the end of their outbursts)
of two NSs in LMXBs, XTE J1701−462 and EXO 0748−676. Although both these sources exhibited very different outbursts (in
terms of duration and the average accretion rate), they exhibit an unusually steep decay of ∼7 eV in the observed effective temperature
(occurring in a time span of ∼700 days) around ∼2000 days after the end of their outbursts. Furthermore, they both showed an even
more unexpected rise of ∼3 eV in temperature (over a time period of ∼500-2000 days) after this steep decay. This rise was significant
at the 2.4σ and 8.5σ level for XTE J1701−462 and EXO 0748−676, respectively. The physical explanation for such behaviour is
unknown and cannot be straightforwardly be explained within the cooling hypothesis. In addition, this observed evolution cannot
be well explained by low-level accretion either without invoking many assumptions. We investigate the potential pathways in the
theoretical heating and cooling models that could reproduce this unusual behaviour, which so far has been observed in two crust-
cooling sources. Such a temperature increase has not been observed in the other NS crust-cooling sources at similarly late times,
although it cannot be excluded that this might be a result of the inadequate sampling obtained at such late times.
Key words. Accretion, accretion disks – Stars: neutron – X-rays: binaries – X-rays: individuals (EXO 0748−676 and
XTE J1701−462)
1. Introduction
Low-mass X-ray binaries (LMXBs) host neutron stars (NS), typ-
ically with sub-solar mass companion stars that overflow their
Roche lobes. These systems may exhibit outbursts as a result of
instabilities in the accretion discs (e.g. Lasota 2001). The out-
bursts cause accretion of matter onto the NS, which compresses
its crust and results in heat-releasing reactions (e.g. Haensel &
Zdunik 1990, 2008; Steiner 2012). These reactions cause the
crust to be heated out of thermal equilibrium with the core. They
produce ∼2 MeV per accreted nucleon in total (e.g. Haensel &
Zdunik 2008). Several NS LMXB systems are transient, and the
source transitions to quiescence when the outburst ends. Dur-
ing quiescence, the heating reactions are thought to stop, and the
crust cools to restore thermal equilibrium with the core.
Modelling the observed crust-cooling behaviour using theo-
retical crust-heating and -cooling models (e.g. Brown & Cum-
ming 2009; Page 2016) show that an additional, theoretically
unexplained, heat source is present (in the current version of the
models) in most NSs in LMXBs. This is known as the ‘shallow
heat source’ because it occurs at shallower depths in the crust
as compared to the heating processes discussed above. The con-
tribution of the shallow heating is found to be ∼1–2 MeV per
accreted nucleon in most sources (Brown & Cumming 2009; De-
genaar et al. 2011). However, MAXI J0556−332 exhibited ∼10–
17 MeV per accreted nucleon of shallow heating (Homan et al.
2014; Deibel et al. 2015; Parikh et al. 2017), but it is currently
unknown why this source exhibited such a different amount of
shallow heating compared to the other sources.
Although it only makes up ∼1% of the total NS mass by
volume, the crust is interesting to study because the density in-
creases by over ∼8 orders of magnitude. This is accompanied
by changing properties of matter with these increasing densities.
Quiescent observations of accretion-heated NSs track the cool-
ing crust and allow us to infer the properties of the dense matter
physics present in the crust. These observations, obtained using
X-ray telescopes, can only measure the surface temperature of
the NS. Observations of some years to several decades after the
end of the outburst are needed to probe the deeper layers because
the heat from these deeper layers takes this time to be conducted
to the surface, where it can be observed (Brown & Cumming
2009). X-ray spectra (in the 0.5–10 keV energy range) of cooling
crusts observed in quiescence are characterised by a soft spectral
component which may be accompanied by a hard spectral com-
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ponent that is due to an increased presence of photons at energies
&3 keV.
2. Observations
We examine the similar late-time quiescent crust cooling be-
haviour of two systems, XTE J1701−462 and EXO 0748−676,
that exhibited very different outburst properties. For details of
the data analysis method, we refer to Appendix A and Parikh
et al. (2019). The details of all the observations we analysed are
shown in Table 1. All errors reported here correspond to 1σ er-
rors.
2.1. XTE J1701−462
XTE J1701−462 was discovered in January 2006 (Remillard
et al. 2006) when it exhibited a bright accretion outburst close
to its Eddington luminosity. This outburst ended ∼1.6 years later
in August 2007 (Homan et al. 2007), after which the accretion-
heated crust was found to cool down. So far, the cooling has been
reported up to ∼1200 days after the end of its outburst (i.e. tq,
which is also the number of days into quiescence; e.g. Fridriks-
son et al. 2010, 2011). Here, we report on three new observa-
tions, extending the cooling baseline to ∼3200 tq. Several quies-
cent observations of XTE J1701−462 exhibited enhanced accre-
tion activity in the form of flares (e.g. Fridriksson et al. 2010),
which are not used for our crust-cooling study. These flaring data
are characterised by a large contribution from a hard, power-law-
shaped emission component. Therefore, we have only examined
non-flaring data here, that is, data for which the flux contribution
from the soft spectral component is >70 %.
2.2. EXO 0748−676
EXO 0748−676 exhibited an about 24-year-long outburst at an
average luminosity corresponding to 5% of the Eddington lumi-
nosity (Degenaar et al. 2009). This outburst ended in Septem-
ber 2008 (Wolff et al. 2008), and observations made since this
time indicate a cooling crust. So far, cooling up to ∼1700 tq has
been reported (e.g. Díaz Trigo et al. 2011; Degenaar et al. 2009,
2011, 2014; Cheng et al. 2017). We report on two new observa-
tions, which increases the observed cooling baseline to ∼3500 tq.
EXO 0748−676 is observed nearly edge-on (at an inclination of
∼80◦; Parmar et al. 1986) and exhibits eclipses lasting ∼8.3 min-
utes during its ∼3.8-hour orbit. We focus on the non-eclipsing
‘persistent’ emission of the source here. Therefore we removed
all the data corresponding to the eclipse times, which we deter-
mined using the ephemeris reported by Wolff et al. (2009).
2.3. Spectral fitting
All the XTE J1701−462 and EXO 0748−676 spectra were
grouped to have a minimum of 25 counts per bin, using the
grppha tool. We collectively fit the spectra for the individual
sources using XSpec1 (version 12.9; Arnaud 1996) and employ-
ing χ2 statistics.
We fitted the spectra using the NS atmosphere model
nsatmos (Heinke et al. 2006). Our models assumed that the NSs
have masses and radii of 1.6 M and 12 km, respectively. The as-
sumed distances to XTE J1701−462 and EXO 0748−676 are 8.8
kpc (Lin et al. 2009) and 7.4 kpc (Galloway et al. 2008; Dege-
naar et al. 2009), respectively. For the spectral modelling of both
1 https://heasarc.gsfc.nasa.gov/xanadu/xspec/
sources, we assumed that the entire NS surface was emitting and
hence set the nsatmos normalisation parameter to 1. We used
tbabs to model the equivalent hydrogen column density (NH)
with WILM abundances and VERN cross sections (Verner et al.
1996; Wilms et al. 2000).
The spectra from the two sources could not be well fit (as
determined using the reduced χ2 statistic) with only an nsatmos
model because photons at higher energies were present during
some observations (at &3.5 keV; e.g. Fridriksson et al. 2010; De-
genaar et al. 2011). We therefore used an additional power-law
component to fit the data. The quality of these data is not good
enough to allow the photon index (Γ) to vary between the various
observations. We therefore tied the Γ across the different obser-
vations for each source. However, the associated normalisation
was allowed to vary. We found that Γ was not well constrained
(as determined during its error estimation) for several observa-
tions. However, the closest fit obtained for Γ had rather a low
value, and we therefore fixed Γ = 1 for both sources.2
Initially, the NH was left free but was found to be consistent
(within the error bars) across all the observations for each source.
This NH parameter was accordingly tied across the various ob-
servations (of each source), but was allowed to vary. The best-fit
NH determined for XTE J1701−462 and EXO 0748−6762 were
(3.14 ± 0.05) × 1022 cm−2 and (4.20 ± 0.09) × 1020 cm−2, re-
spectively. The errors on the observed effective NS temperature
(kT∞eff ) were determined after fixing the best-fit values corre-
sponding to the normalisation of the power-law component (be-
cause the errors on the Γ were often unconstrained). The results
of our spectral fitting are shown in Table 1 and Figure 1. The
dotted grey lines in Figure 1 are fits of simple exponential decay
functions. The figure shows that this function is only a poor fit to
the kT∞eff evolution and is not intended to be a good fit. Its main
purpose is to guide the eye to the approximate kT∞eff evolution of
each source.
3. Results and discussion
3.1. Results
We present the observed quiescent temperature evolution of two
NS crust-cooling sources, XTE J1701−462 and EXO 0748−676,
in Figure 1 and Table 1. Both sources exhibit a cooling evolution
similar to those observed for other sources up to ∼1000 tq. How-
ever, observations obtained at ∼2000 tq show a steeper cooling
decay in both sources than their previous observed evolution (as
is predicted by some of the models for XTE J1701−462, pre-
sented in Page & Reddy 2013). During this stage, the sources
decayed by ∼6–7 eV over ∼650–750 days. However, unantici-
pated for sources that exhibit crust cooling, the observations of
both sources (at >2000 tq) exhibit a rise in the observed kT∞eff (by∼3 eV over ∼500–2000 days) instead of a further decay. The ob-
served rise for XTE J1701−462 and EXO 0748−676 was signifi-
cant at the 2.4σ and 8.5σ level, respectively. Extraordinarily, the
magnitude of the observed rise in kT∞eff and the time after the end
of the outburst at which both sources exhibited this rise are sim-
ilar3 although they exhibited different outburst properties. Other
cooling sources observed at late times do not exhibit a similar be-
haviour (see Figure 2 of Wijnands et al. 2017, for the late-time
2 We also fitted the data from both sources using Γ = 1.5 and 2, and the
qualitative trend exhibited by the inferred NS surface temperature did
not change.
3 The exact times at which the sources were observed to decay or ex-
hibit their subsequent rise are better constrained for XTE J1701−462
than for EXO 0748−676 due to the observational sampling.
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Fig. 1. The observed effective NS temperature (kT∞eff ) evolution of
XTE J1701−462 and EXO 0748−676, after the end of the their accre-
tion outbursts, shown in blue and red, respectively. The dotted grey lines
are simple functions (exponential decay levelling off to a constant value)
used to guide the eye. The solid grey rectangle highlights the region of
interest where the decay and subsequent rise in the kT∞eff is observed in
the cooling curves. The date of the end of outburst for XTE J1701−462
is MJD 54322 and that for EXO 0748−676 is MJD 54714 (Fridriksson
et al. 2011; Degenaar et al. 2009).
crust-cooling curve of several sources). However, this may be a
result of the sparse observational sampling obtained, therefore it
remains possible that these sources behaved in a similar fashion.
The solid grey rectangle in Figure 1 highlights the area of in-
terest in the cooling curves. A decrease and subsequent increase
in the kT∞eff is observed there.
3.2. Examining the spectra and their fits
A potential explanation for the sudden increase in kT∞eff at late
times in both sources might be that the sources exhibited low-
level accretion events during these observations. Such events
may affect the spectra so as to result in an inferred increase
in kT∞eff (likely without an actual physical increase in the crust
temperature). However, such events tend to be characterised by
an increased contribution from a hard spectral component (con-
tributing ∼50% in the 0.5–10 keV energy range; e.g. Fridriks-
son et al. 2010; Chakrabarty et al. 2014; Wijnands et al. 2015;
D’Angelo et al. 2015). The last few observations for both our
sources during which a rise in the kT∞eff was observed do not ex-
hibit a dominant contribution from the power-law component
(the contribution was <<50% in the 0.5–10 keV energy range,
see Table 1), suggesting that the observed kT∞eff rise is not a re-
sult of accretion events.
A change in the actual NH compared to its assumed value
might also affect the spectral fit parameters and result in an
observed increase in the kT∞eff (as was discussed for the crust-
cooling source MXB 1659−29; Cackett et al. 2013). This is
especially pertinent for EXO 0748−676 because the source is
viewed at a high inclination, and the build-up of the disc in qui-
escence might increase the NH towards the source (as was sug-
gested to occur in MXB 1659−29 as well; Cackett et al. 2013).
However, the observed increase in kT∞eff is not a result of our
NH assumptions because the NH remains consistent within the er-
ror bars (when left free to vary during our spectral fits; see Sec-
tion 2.3) between the various spectra of EXO 0748−676 (and for
XTE J1701−462 as well, for which we did a similar test).
3.3. Might it still be crust cooling?
The late-time kT∞eff evolutions of XTE J1701−462 and
EXO 0748−676 are very similar, exhibiting a steep decay
followed by a rise in the observed kT∞eff after the end of their
accretion outbursts. This suggests that the cause of the observed
behaviour may have the same physical explanation. Below we
discuss possible reasons for crust-cooling sources to exhibit this
unexpected late-time rise in the observed kT∞eff .
3.3.1. Investigating the possibility of an intermediate outburst
An accretion outburst occurring at an intermediate time (i.e. after
the end of the observed main outburst and before the observed
kT∞eff increase) might result in reheating of a cooling crust and
might explain (if such outburst indeed occurred) the observed
increase in temperature (as was observed for MAXI J0556-332;
Parikh et al. 2017). An accretion outburst might also result in a
change in the composition of the envelope (the outer ∼100 m of
the crust that translates the temperature at the top layers of the
crust to the effective surface temperature), thereby changing its
thermal conductivity and the observed kT∞eff (Brown et al. 2002).
It may also be a combination of both these effects.
The observed decay and subsequent rise in the kT∞eff (with re-
spect to our limited observational sampling) is separated by ∼1.3
and ∼4.8 years in XTE J1701−462 and EXO 0748−676, respec-
tively. We investigated the archival data from both these sources
to examine whether they exhibited any intermediate outbursts
before the observed rise in temperature. We used data from the
Burst Alert Telescope (BAT) on board the Neil Gehrels Swift Ob-
servatory and the Monitor of All-sky X-ray Image (MAXI) on
board the International Space Station. However, no evidence for
enhanced activity was exhibited by either source. Thus, if these
sources experienced any intermediate outburst, it would have
been rather faint, having a maximum luminosity of ∼ 5 × 1035
erg s−1 (Hiroi et al. 2009; Krimm et al. 2013), such that it is
not detected by these all-sky monitors. However, we note that
XTE J1701−462 typically cannot be observed for about three
months of the year (from early November to the end of January)
because of the constraint imposed by the location of the Sun in
the sky. It might have exhibited a brighter outburst during this
time. EXO 0748−676 is never Sun constrained and can be ob-
served throughout the year. Short and faint accretion episodes
are not expected to significantly heat up the crust (e.g. Wijnands
& Degenaar 2013).
3.3.2. Ocean freezing
The NS crust may melt to form an ‘ocean’ as a result of the
heat released during the accretion outburst. During quiescence,
this ocean cools and solidifies (e.g. Medin & Cumming 2011).
Heavy elements preferentially freeze out from the ocean, enlarg-
ing the solid crust and setting up convection in the ocean (e.g.
Medin & Cumming 2011, 2014, 2015; Mckinven et al. 2016).
This affects the evolution of the modelled crust-cooling curve
as compared to the scenario during which no chemical convec-
tion is accounted for. Medin & Cumming (2014) presented some
crust-cooling studies that included the solidification of the ocean.
Their Figure 1 shows that a decrease followed by a rise at late
times can be observed under certain assumptions (see Medin &
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Cumming 2014, 2015, for more details). This is reminiscent of
what we have observed for our sources.
3.3.3. Nuclear pasta
The late-time evolution of crust cooling NSs, as studied here,
provide the exciting possibility to probe the physics in the
deeper crust where nuclear pasta may be present (e.g. Caplan
& Horowitz 2017). Nuclear pasta refers to the disordered, non-
spherical matter, expected at the large densities near the crust-
core interface, as the short range nuclear attraction competes
with the long range Coulomb repulsion (e.g. Pethick & Potekhin
1998). This disordered nuclear pasta is expected to be charac-
terised by low thermal conductivity, forming a heat barrier (e.g.
Horowitz et al. 2015).
During accretion, the heat-producing reactions result in the
overall heating of the crust. If the NS contained low thermal con-
ductivity pasta and a relatively cold core, the heat would flow in-
wards during accretion and not contribute much to the observed
crust-cooling evolution in quiescence due to the thermal pro-
file in the crust. Alternatively, if the core is relatively hot, the
crustal thermal profile would be such that the heat flux during
quiescence, from the core outwards towards the surface would
not change much. We therefore hypothesise that the presence of
pasta (in an NS with either a cold or a hot core) would not explain
the decay and subsequent rise in our observed kT∞eff evolution
because this would only produce a decay in the cooling curve
and no subsequent rise. Cooling-curve modelling including a
pasta layer has previously been carried out for several crust-
cooling sources (MXB 1659−29, MAXI J0556−332, and Terzan
5 X-3; Horowitz et al. 2015; Parikh et al. 2017; Ootes et al.
2019) which showed the expected behaviour we hypothesised
for XTE J1701−462 and EXO 0748−676 here.
3.3.4. Time-variable properties of a deep crust layer
Although nuclear pasta cannot reproduce the decay in the ob-
served kT∞eff , the decay may be reproduced by a relatively deep
crust layer that exhibits a time-variable thermal conductivity that
suddenly increases and leads to the observed decrease in kT∞eff ,
and then subsequently decreases again and leads to a sudden rise
in the kT∞eff . However, there does not appear to be any physical
motivation for a such a time-dependent thermal conductivity.
Our study of the crust-cooling sources, XTE J1701−462 and
EXO 0748−676, has shown an unexpected rise in the temper-
ature at late times in quiescence. The physical explanation for
this behaviour is unknown. Intensive theoretical investigations
(beyond the scope of this paper) may provide an insight into the
underlying physics and investigate whether the new physical ex-
planations invoked by the theoretical models would only affect
the late-time crust-cooling evolution or have a broader effect on
the physics inferred across all timescales.
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Appendix A: Data analysis
We processed the quiescent observations from both sources us-
ing the same software version. We briefly describe the processes
below.
Appendix A.1: Chandra
The Chandra data were processed using CIAO4 (v4.11). The
data were examined for background flares by making light
curves of the background (excluding all bright sources), but no
evidence of any strong flaring was detected. A source region cen-
tred on the source location with a radius of 3 arcsec was used
to extract the spectra for both sources. The background region
we used for the spectral extractions of all observations was an-
nular, with an inner and outer radius of 10 and 20 arcsec, re-
spectively. The annulus was centred on the source location. The
specextract tool was used to generate the spectra from the
various observations, along with the aperture-corrected auxiliary
response files and the redistribution matrix files. We combined
Chandra spectra that were close in time (i.e. obtained .3 days
apart) to obtain data with higher quality. This was done using the
combine_spectra tool. The observations combined into single
spectral intervals are shown in Table 1.
Appendix A.2: XMM-Newton
The XMM-Newton data were processed using SAS5 (v18.0) We
inspected all the XMM-Newton data for any evidence of back-
ground flares by examining the 10–12 keV and >10 keV data
for the pn and MOS detectors, respectively. All occurrences of
background flaring were removed by discarding data from time
intervals when flaring was observed. On average, we discarded
∼20 % of the data as a result of such flaring.
Source regions with a radius of 25 arcsec, placed on the
source (as suggested by the eregionanalyse tool), were used
to extract the spectra of both sources. A circular background
region with a radius of 50 arcsec whose location was recom-
mended by the ebkgreg tool was used for the spectral extraction
of all observations we examined here. The ancillary response
function and response matrix files were generated using arfgen
and rmfgen.
4 https://cxc.harvard.edu/ciao/
5 https://www.cosmos.esa.int/web/xmm-newton/download-and-
install-sas
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